n eonatal encephalopathy (NE) affects 1-6 per 1,000 live term births worldwide (1) , and is associated with high risks of death and neurodevelopmental impairment (poor outcome). Therapeutic hypothermia (HT) is standard of care in treating moderate to severe NE (1, 2) . This treatment reduces the risk of poor outcome from ~70% to ~50%. The recommended clinical HT protocols state that cooling should start within 6 h after birth (3) (4) (5) . The effective time window of HT is 5-6 h in both fetal lamb (6) and postnatal day 7 (P7) rats (7) and <3 h in injured newborn pigs (8) . In NE infants, better motor outcome has been found at 18 mo if cooling was started within 3 h as compared to those were cooled between 3-6 h of age (9) . The inert anesthetic gas xenon has received increasing interest as a neuroprotectant over the last decade. Xenon has proven to be neuroprotective both in vivo and in vitro with minimal adverse effects (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . We and others have previously reported that adding immediate xenon to HT enhanced the neuroprotective effects of HT after induced hypoxia-ischemia in neonatal rats (12, 13, 15, 20) and newborn pigs (21) . In neonatal rats, xenon, when added to immediate hypothermia, either immediately or after a 2 h delay, increases neuroprotection (20) . In multicentre randomized clinical trials, cooling was started after a mean delay of 4.5 h from birth (3) (4) (5) , therefore examining HT with or without simultaneous xenon after a delay of 5 h is a time point of clinical importance. We aimed to examine whether adding a 5 h period of xenon to a 5 h period of HT after a delay of 5 h from birth improved long-term pathological and functional outcome compared to a 5 h period of HT alone administered after a delay of 5 h from birth.
RESULTS

Behavioral Testing
Negative geotaxis test. Four pups (two each) in the NT-and HT-treated groups respectively, did not manage to complete the task, while all HT-xenon-treated rats finished the task. The mean (95% confidence interval (CI)) for the best performance time was 6.46 (4.19-8.73 ) seconds in NT group, 4.00 (2.72-5.27) seconds in the HT group, and 4.21 (3.49-4.9) seconds for the HT-xenon group. A linear regression model indicated a significant effect of treatment on the performance time (P = 0.032). The rats treated with HT-Xenon performed twice as fast as those which were remained at normothermia. The observed power was 69%.
Staircase test. The greater the number of pellets retrieved in the staircase test the better the function. The median (95% CI) number of pellets retrieved by the impaired paw (R) during the 3 test days was 5.5 (4.67-7.34) in the NT group, 6.33 (5.67-9.84) in the HT-only group, and 8.58 (6.67-10.52) in the combined HT-xenon group (Figure 1a) . Pups treated with HT-xenon managed to retrieve significantly more pellets with the impaired paw compared to pups treated with NT (MannWhitney U-test, P = 0.001) or HT (P = 0.019). There was a trend that the HT-only group performed better than the NT group (Mann-Whitney U-test, P = 0.166). Adding 50% xenon enhanced the functional performance by 54% (P = 0.009, linear regression, stepwise). Gender did not influence the result. The observed power was 70%.
The staircase comprises a series of 7 "steps" arranged so they present a task of increasing difficulty while the first step can be reached by the tongue. Rats had to use their paws to retrieve sugar pellets beyond the first step. The higher number of the step a rat can reach, the better its functional performance. In the HT-xenon group, rats reached beyond the first step from the second habitation day. In HT group, rats reached beyond the first step from the third habitation day while NT rats did not manage to reach the second step until the eighth habituation day (Figure 1b) . Gender did not influence this performance.
Body Weight and Brain Area Loss
The body weight distribution at the end of the experiment (P77) was the same among all treatment groups (P = 0.466, independent-samples Kruskal-Wallis test). There was no difference in the total area of the unligated contralateral (right) hemisphere among NT (n = 15) (73. 22 (Figure 2a) . There was no significant difference between HT-only and HT-xenon however both groups were less injured than the NT group with a reduction 
The Correlation Between Area Loss and Functional Tests
There was a significant negative correlation between the brain area loss and the mean number of pellets retrieved by the impaired (right) paw over the 3 test days (Figure 3 ) for female rats (Pearson correlation, r = −0.76, P < 0.0001) but not for male rats (r = −0.4, P = 0.063). Female rats that had less brain area loss retrieved more pellets as seen in a previous published study (22) .
DISCUSSION
We used the established "Vannucci" neonatal brain injury model (23) in this study and a proven optimal 5 h duration cooling protocol for P7 rats (7). We have previously examined the combination therapy of immediate HT and 50% xenon in rats (13) and pigs (21) and found that adding immediate xenon to immediate HT doubled the neuroprotection in both models from 35 to 70%. However, it is rarely feasible to start both active cooling and xenon treatment immediately after injury in most clinical settings. Therefore, it is of great clinical importance to investigate the therapeutic window of this combined treatment. Currently, there are two ongoing randomized clinical trials in term infants with NE using different time windows; starting xenon treatment either within 5 h (Clinicaltrials. gov NCT01545271) or within 12 h (Clinicaltrials.gov NCT00934700) after birth. If our current experimental result is transferred to a clinical NE protocol, we suggest that HT and 50% xenon should both be started before 5 h of age as in the protocol design NCT01545271.
Xenon is an N-methyl-D-aspartate (NMDA) receptor antagonist and an antiapoptotic agent which demonstrates its neuroprotective effect in both in vivo and in vitro models. The maximum safe concentration of inhaled xenon has been suggested to be less than one minimum alveolar concentration (MAC) on hippocampal slices from 7-d-old rats (24) . A concentration of 50% xenon used in this study is equivalent to about 1/3MAC in rats (25) or 0.7MAC in humans (26) which is well within the range of proposed safe concentrations as well as being within the effective neonatal neuroprotective range (13, 15, 20) .
Similar to our (7) and others' (6) previous studies, we found that 5 h delayed HT provided nearly significant neuroprotection compared to normothermic animals. In this study, we examined the possibility of extending the therapeutic windows of HT by adding xenon. The study design focused on neurofunctional recovery as well as brain volume loss in rats surviving to adulthood. Long-term motor and cognitive outcome is the gold standard in clinical neuroprotection trials (3) (4) (5) . The Montoya staircase test used was originally designed for testing motor deficits in adult rats. We and others have later shown that this is also effective for investigating long-term functional capacity after neonatal injury (13, 27) . Similarities in skilled reaching performance between rodents and primates (28) has been documented, therefore a staircase test is a valuable behavior test in this type of translational research. Additionally, by only allowing one paw to be used at a time, this test is an unbiased quantitative test that is advantageous in our unilateral model. In this study, we did not find improved brain volume by adding xenon to hypothermia as compared to hypothermia alone, however, we found a significant long-term functional improvement in the hypothermia-xenon group. The research group of F. Silverstein have demonstrated ongoing long lasting neuronal and glial degeneration and recovery in an ultrastructual study (29) . Combining delayed HT and delayed xenon improved long-term functional outcome even without a corresponding increase in brain volume. Other neuroprotective studies in both rats and humans have shown that long-term functional outcome was improved despite no effect on brain infarct volume per se (30-32) after stroke. An improved function despite a nonsignificant improvement in brain volume has also been observed in the same rat model with erythropoietin treatment (33, 34) . Additionally, other studies have shown that xenon provides neuroprotection in different preclinical models. Xenon has shown protection in different types of models; an oxygen-glucose deprived neuronal-glial coculture cell model (35) , a middle cerebral artery occlusion rat model (36) and a cardiac arrest pig model (37) . Hence, our study findings may be transferable to wider clinical applications.
We report some limitations to our study. To reduce the number of experimental animals, we did not include a sham Articles Liu et al.
operation or a xenon-normothermia group in this study. From previous published results (13), a five-group design as compared to this three-group design would greatly increase the number of animals needed. It is logistically difficult for us to have more than six litters that delivered on the same day which would be required if we wished to correctly randomize into five rather than three groups. In this study, we chose a cooling temperature and duration that have previously yielded optimal protection in our rat model instead of the hypothermic temperature of 33.5 °C used clinically. We have previously used a range of different cooling temperatures and found neuroprotection in all cases; 37 to 34 °C (38), from 38.3 to 32.5 °C (39), and from 37 to 32 °C (13) . We conclude that the effective time window for adding xenon to hypothermia in the neonatal rat is 5 h after the insult. Adding 50% xenon to hypothermia for a duration of 5 h after a delay of 5 h significantly improved functional outcome as compared to 5 h hypothermia alone started after a 5 h delay, despite the absence of gross morphological brain protection.
METHODS
Animal Preparation
All animal procedures were approved and in accordance with UK Home Office guidelines. Seven-day-old Wistar rat pups (Han strain, B&K Universal Limited, Hull, UK, n = 72) were anesthetized for a total duration of ≤5 min via a nose cone using 65% N 2 O, 32% O 2 , and 3% Isoflurane during permanent left common carotid ligation. Pups were then kept with the dams for a minimum of 30 min before exposure to 8% oxygen in an airtight chamber at 36 °C (rectal temperature) with CO 2 levels <3% for 90 min (23) . This combined procedure produces a unilateral stroke-like injury on the left hemisphere. The right hemisphere is exposed to hypoxia but not subjected to ischemic injury and therefore can be used as a control. Pups were returned to the dams for 5 h after the insult. They were then randomized and received the assigned postinsult treatment for a further 5 h. The three groups were: (i) normothermia (NT, 37 °C) in air, (ii) HT (32 °C) in air, and (iii) HT (32 °C) in 50% xenon +30%O 2 +20%N 2 . The gas mixture of xenon, oxygen, and nitrogen was delivered via a specially designed closed circuit gas recirculation system attached to the chamber (40) .
Seventy-two rats from six litters were used. Thirteen rats died before behavioral testing: five during the carotid ligation procedure, three during the hypoxic-ischemic insult, two during the 5 h treatment period, and three during the survival period. Six rats were used as temperature monitoring animals only. The brain tissue was damaged during the tissue processing stage in one rat. In summary, 20 rats were excluded and 52 remained for final analysis.
Behavioral Testing
Negative geotaxis test. At the age of P14, rats were placed facing down at an inclined (45° angle) rough surface. Each rat was given three 60-s trials. The time of each pup to turn 180°, facing uphill, in each trial was recorded. The fastest of three trials for each pup was used in the final analysis. If a pup could not perform, i.e., turning 180° uphill or fell off the plane in all three trials, the results were noted but not included in the analysis.
Staircase test.
A Montoya staircase test, also known as the skilled reaching test, was performed in adult rats aged 8-10 wk (41). To maximize their performance, the rats were habituated to the testing room, the box, the sugar pellets, and the researchers during the first two and half weeks (5 d a week) of the 3 wk testing period. According to our local animal facility rules, rats were not allowed to be starved before testing. In the first week, both broken rat chews (ordinary rat food) and chocolate-flavored sugar pellets were baited in the staircase. Three sugar pellets were placed on each step. This was used to establish a positive association between the food reward and the task.
Additionally, rats can be neophobic toward food. By mixing the familiar rat chews with sugar pellets, one reduces their anxiety toward the novel food. The staircase design allows only one paw to be used at a time which is an important design in our unilateral brain injury model. Rats were kept in the staircase for 7 min for habituation for each side during the first week and 3.5 min for each side during the following 2 wk. In the second and third week, only sugar pellets were baited. The final testing days were the last 3 d of the third week. The number of pellets retrieved and the number of steps reached were recorded for each paw. The staircase is arranged so that the retrieval of food from each step becomes progressively more challenging as a test of motor function and co-ordination. As in humans, the corticospinal tract is largely crossed in rats. Hence, the left side of the brain predominantly controls the right side of the body. We produced unilateral injury on the left side of the brain resulting in an impaired function of the right paw compared to the left paw.
Brain Area Loss
Pups were weighed, anesthetized, and sacrificed at P77 using cross heart perfusion-fixation with 4% formaldehyde. Brains were subsequently stored in 4% formaldehyde for 1 wk and sectioned using 3 mm coronal planes (six blocks per brain). The blocks were paraffin processed. Slides of 6 µm thickness were prepared and stained with hematoxylin and eosin. These slides were assessed by an observer blinded to the treatment allocations using Image J software (National Institute of Health, Bethesda, MD). Left and right hemispheric brain and hippocampal areas were measured using a customized computerized programme from slides cut from two adjacent middle blocks of each brain (including cortex, hippocampus, thalamus, and basal ganglia). In brief, stained slides were scanned at a resolution of 1,200 dots per inch, 24-bit color using a flat bed scanner (Epson V30, Epson (UK) Ltd, Hemel Hempstead, UK). These images were first converted to eight-bit gray scale (red channel) and then to a binary picture. The threshold of each image was set to 200 (arbitrary units) automatically. If necessary, the threshold of the image was manually adjusted to present an outline of the measured area by comparing the binary image with the 24-bit color image. The brain area loss ratio on the ipsilateral side (left) was calculated using the following equation: Brain area loss % = (1−(remaining area on the ipsilateral side)/(brain area on the contralateral side)) × 100
The hippocampal area loss ratio on the ipsilateral side was calculated as: Hippocampal area loss % = (1−(remaining hippocampal area on the ipsilateral side)/(hippocampal area on the contralateral side)) × 100 A larger brain area loss ratio represents more severe brain injury (7) . By using this method, we were able to reliably measure gross morphology change such as cavitations or atrophy. We were unable to distinguish between pan-necrosis and selective neuronal loss or digitally measure the area of basal ganglia and thalamus accurately on the hematoxylin and eosin-stained slides. Every brain image was assessed in random order on two occasions a few weeks apart and the mean of these two values was used in the final calculation.
Statistical Analysis
For nonparametric data, median (95% CI) was used for presentation, Mann-Whitney U-test was used to define the difference in the two groups. Independent-samples Kruskal-Wallis test was used to compare multiple groups (post hoc Bonferroni rules applied in determining significance) and Pearson correlation was used to compare the correlation between relative hemispheric area loss and functional outcome assessed as number of pellets retrieved. A Univariance linear model was used to calculate observed power. IBM SPSS statistics version 19 was used for the above statistical analyses.
